Crop variety mixtures have the potential to increase yield stability in highly variable and unpredictable environments, yet knowledge of the specific mechanisms underlying enhanced yield stability has been limited. Ecological processes in genetically diverse crops were investigated by conducting field trials with winter barley varieties (Hordeum vulgare), grown as monocultures or as three-way mixtures in fungicide treated and untreated plots at three sites. Mixtures achieved yields comparable to the best performing monocultures whilst enhancing yield stability despite being subject to multiple predicted and unpredicted abiotic and biotic stresses including brown rust (Puccinia hordei) and lodging. There was compensation through competitive release because the most competitive variety overyielded in mixtures thereby compensating for less competitive varieties. Facilitation was also identified as an important ecological process within mixtures by reducing lodging. This study indicates that crop varietal mixtures have the capacity to stabilise productivity even when environmental conditions and stresses are not predicted in advance. Varietal mixtures provide a means of increasing crop genetic diversity without the need for extensive breeding efforts. They may confer enhanced resilience to environmental stresses and thus be a desirable component of future cropping systems for sustainable arable farming.
Introduction
An alternative to the variety monoculture system is the use of varietal mixtures in which several genotypes are sown together in the same field to buffer against environmental stresses, including disease, and to increase yield stability (Wolfe, 1985; Lannou and Mundt, 1996; Zhu et al., 2000) . To date, varietal mixtures have primarily been deployed against crop diseases, controlling major pathogens such as powdery mildew of barley (Wolfe and Barrett, 1980) , Rhynchosporium scald of barley (Newton et al., 1997) , wheat yellow rust (Sapoukhina et al., 2013) , and rice blast (Zhu et al., 2000) . Mixtures can reduce disease severity by reducing pathogen spread, either by increasing the distance between susceptible host plants, or by resistant plants forming a barrier to prevent pathogen dispersal (Chin and Wolfe, 1984; Zhu et al., 2000) .
The theory underpinning the use of mixtures is largely based on the hypothesis that biodiversity increases ecological stability (Yachi and Loreau, 1999) . This approach relies on beneficial ecological processes to increase the system's potential to buffer against adverse environmental conditions, reduce fertiliser inputs and control disease (Finckh and Wolfe, 1998) . Variation between mixture components in response to common pathogens allows ecologically beneficial processes such as compensation, complementation and facilitation to occur (Wolfe, 1985) . Complementation between crop plants can increase productivity in mixtures through niche differentiation and resource partitioning (Loreau, 2000; Mulder et al., 2001; Tilman, 2004) . Facilitation can occur within mixed populations if the fitness of neighbouring plants is increased through inter-plant interactions such as provision of shade and deterrence of pests (Callaway, 1995) . When weaker individuals are harmed by environmental stress, stronger plants can increase their yields through compensation via competitive release (a reduction in competition) (Tilman, 1996; Creissen et al., 2013 Creissen et al., , 2015 .
Compensation is thought to be the major ecological process contributing to yield stability in diverse mixtures (Eberhart and Russell, 1966; Wolfe, 1985; Smithson and Lenne, 1996; Mundt, 2002; Østergård et al., 2005; Cowger and Weisz, 2008 ) but other beneficial processes may also be involved (Finckh et al., 2000) . For example, competitive release allowed a mixture of high yielding wheat varieties and winter hardy varieties to insure against excessive losses in colder winters, because stress-tolerant plants overyielded in those conditions (Finckh et al., 2000) . The potential to exploit ecological processes that generate beneficial planteplant interactions therefore depends on the presence of suitable varieties as mixture components. Field trials are necessary for accurate mixture assessment as it is often difficult to predict the performance of a variety in mixture from its monoculture yield due to the complexity of ecological interactions taking place within the crop and the variability of field environments (Lopez and Mundt, 2000; Mille et al., 2006) .
When varietal mixture studies are conducted in only one type of environment, as is often the case, the strength of any conclusions is limited because they cannot necessarily be extrapolated to other environments (Mundt, 2002) . In contrast, replicated trials across multiple sites reveal consistencies across environments as well as the environmental dependency of interactions within the mixture. The scale of environmental variation determines the scope of the relevance of results of such trials. Some replicated trials have studied variety mixture performance across highly dissimilar climates (Østergård et al., 2005) or across a range of disease pressures including artificially high infection (Finckh et al., 2000) . In order to optimise variety mixtures for actual farming situations, by contrast, it is necessary to understand how their performance is affected by relatively fine-scale environmental variation between fields or by apparently minor variation in the composition of the mixture.
This study examines the ecological processes that stabilise the yields of varietal mixtures in replicated populations under natural, fine scale levels of environmental stress and disease. We test the hypotheses that compensation by better-adapted plants increases yield stability in phenotypically diverse mixtures, and that this effect is greatest when susceptible and resistant varieties are combined under natural levels of infection by pathogens. We test the prediction that GxE interactions will alter the competitive ability and fitness of individual varieties, yet the overall mixture yield will be maintained through stabilising ecological processes such as compensation, complementation and facilitation.
Materials and methods

Mixture design
UK commercial varieties of winter barley (Hordeum vulgare) were selected for our experiments based on phenotypic information contained in the HGCA (Home Grown Cereals Authority, now part of the Agriculture and Horticulture Development Board) Recommended List for 2011/2012 (http://cereals.ahdb.org.uk/media/ 4287/wbrl-11.pdf). Two mixtures were designed to contain three varieties varying in disease resistance, competitive ability and classification group which is based on morphological differences in the ear (two-row or six-row) and the crop's end-usage (malting or feed). Each variety had a set of unique phenotypic traits for easy identification in the field. Mixtures contained the hybrid six-row Element, the red-awned two-row Winsome, and a white grain two-row variety which was either Cassata or Saffron. Variation in mixture composition was restricted so that the effect of relatively small changes in mixture composition on ecological processes and agronomic performance could be assessed.
Information from previous trials at the John Innes Centre (JIC) and observations from commercial farms in Norfolk suggested that the fungal diseases Rhynchosporium scald (caused by Rhynchosporium commune) and brown rust (Puccinia hordei) were the major biotic threats to crop yield. For the present study, each mixture therefore contained one variety susceptible to common genotypes of either disease based on HGCA resistance ratings (Table 1) . Saffron was predicted to be the most susceptible variety to Rhynchosporium (Mixture A). Element was present in both mixtures but was the most susceptible variety to brown rust in Mixture B (Table 1) 
Chemical treatments
Chemical treatments were based on recommendations from a local agronomist and applied manually using a knapsack sprayer at the manufacturers' recommended rates. All plots received the herbicides Ally Max and Oxytril at T1 (Growth Stage, GS 30e32; Zadoks et al., 1974) and the plant growth regulator Chlormequat at T2 (GS 32e37). Non-disease control plots received a full fungicide treatment programme consisting of full rate applications of Opus (epoxiconazole) at T1 and T2, and Proline (prothioconazole) at T3 (GS39-45) as broad-spectrum fungicides, Bravo (chlorothalonil) to control Rhynchosporium at T1 and T2, Cyflamid (cyflufenamid) against mildew at T1, and Comet 200 (pyraclostrobin) against rusts at T2 and T3.
Disease scoring
Disease levels were visually assessed at GS49-50 when symptoms were at their maximum. Disease was measured as % green leaf area covered in symptoms on the flag and second leaf (Peterson et al., 1948; James et al., 1968; James, 1971 ). Ten plants of each variety were scored per plot. Plants on the outer rows were not scored to avoid edge effects. Diseases scored included brown rust, powdery mildew (Blumeria graminis f. sp. hordei), Rhynchosporium and net blotch (Pyrenophora teres).
Plant height measurement
Maximum plant height measurements were taken at GS 30e32 when height differences were greatest between sites and plots. Height measurements were taken from ten randomly selected individual plants from within each plot, as it was impossible to identify individual varieties within mixture plots at this early stage. Plants on the outer rows were not measured to avoid edge effects. Lodging was scored by eye as % of plants in a plot that were fully lodged (75e90 from upright), rounded to the nearest one-eighth of a plot, ten days prior to harvest.
Yield measurements
Total plot yield (g) (adjusted to 15% grain humidity) was recorded at harvest and yield component measurements including seed mass/ear, number of seeds/ear and average seed mass/ear were taken. For each mixture plot 100 grains were randomly selected for varietal identification through analysis of visually assessable phenotypic characteristics by the National Institute of Agricultural Botany (NIAB , Table A1 ). These data were used to estimate the relative proportions (%) contributed by each variety to the total mixture yield (g). Mean relative yields (RY ¼ yield in mixture/ monoculture) (de Wit, 1960) were calculated for each variety at each site under both fungicide and non-fungicide treatments as follows: the estimated proportions contributed by each variety to the overall mixture plot yield (%) were multiplied by the total mixture plot yield (g), and this value was then divided by the average plot yield of that variety in monoculture.
Yield stability assessments
Yield stability was estimated by Wricke's (1962) 
which is a measure of dynamic rather than static stability (Annicchiarico, 2002) . Whereas static stability statistics describe a constant yield across environments, even if the yield is low, W 2 measures the GxE interaction effect for a particular genotype and is therefore commonly used to assess if a set of genotypes maintains the same relative contributions to total yield in different environments (Becker and L eon, 1988; Annicchiarico, 2002) . In this study, W allows the effect of the environment on yield stability to be compared in different barley varieties and mixtures. 
where X ij is the yield of i in j, X i: is yield of genotype i averaged across environments, X :j is yield averaged across genotypes in environment j and X :: is the grand mean. W 2 ¼ 0 (the lowest possible value) indicates high yield stability and an absence of GxE interaction.
Statistical analysis
Linear mixed modelling was used to evaluate differences in yield and disease between monocultures and mixtures of winter barley varieties. Plot yield, disease scores, ear mass, mean seed mass/ear and mean number of seed/ear were analysed in separate models all including the main effects of variety, site and cultivation (monoculture/mixture) as fixed factors and all interactions between them. The plot in which the plants were grown was included as a random effect. All non-significant (P > 0.05, F-test) interactions between the main terms were removed from the analysis. Statistical analysis was conducted using Genstat v.14 (VSN International, 2011).
Results
Yield
Mean yields of mixtures and monocultures were similar across the entire experiment (Table A2 , F 3,10 ¼ 2.23, P ¼ 0.1) but mixture yields were more stable than monoculture yields as shown by lower values of W 2 in the mixtures compared to the mean of their component varieties grown as monocultures (Fig. 1) . Mixture yields were stable, despite the presence of a variety with highly variable yields, Winsome, in both mixtures (Figs. 1 and 2). Mixture performance of each variety was altered by the site and fungicide treatment, shown by changes in relative yield (Fig. 3) . Mixture B was more stable than any monoculture but less stable than Mixture A (Fig. 1) indicating that relatively minor modifications to mixture composition by the substitution of a single variety in a three-way mixture can change the outcome of the ecological processes and the resulting agronomic performance of the mixture. Element generally performed better in mixture indicating that inter-plant competition was greater within monocultures (Fig. 3) . The success of Element in mixtures appeared to be partly due to plasticity in certain yield components, because the variety tended to have greater mean ear mass in mixture (Table A3a , F 3,9 ¼ 3.6, P ¼ 0.01). Plasticity in mean ear mass data was dependent on cultivation (mixture/monoculture) but not site (Table A3a , F 1,9 ¼ 0.42, P ¼ 0.5). Cassata's low competitive ability in mixtures led to a reduction in yield and yield components including mean mass per ear (Fig. 3 , Table A3a , F 3,9 ¼ 3.6, P ¼ 0.01). Element overyielded in mixture and thus compensated for underyielding varieties, resulting in high and stable mixture yields across the entire experiment (Figs. 2 and 3 ).
Disease
The disease levels observed in our study matched disease resistance ratings on the HGCA recommended list 2011e12 with one exception; Winsome (brown rust rating ¼ 6) had significantly more brown rust than Element (brown rust rating ¼ 4) at JIC and in the light land trial. Brown rust was by far the most prevalent disease, assessed by total green area covered in disease on the flag and second leaves at the end of the growing season. Powdery mildew and net blotch infections were recorded but were at such low levels that it was not possible to analyse them statistically. Unexpectedly, the least prevalent disease was Rhynchosporium scald with only six plants showing signs of infection (data not shown).
Brown rust scores, recorded as the % leaf area infected with the fungus, were heavily dependent upon interactions between variety and cultivation (mixture/monoculture) ( Fig. 4 ; Table A4, F 3,15 ¼ 4.31, P ¼ 0.006). Disease levels were consistently reduced for Winsome when grown in mixture compared to monoculture, indicating a positive effect of mixtures in reducing disease severity for susceptible varieties. There was no significant difference in disease levels between the different mixtures because the most susceptible varieties, Winsome and Element, were present in both mixtures (data not shown).
The JIC site had significantly more brown rust (mean of 17.9% green leaf area covered in symptoms) than the light land (9.3%) and heavy land (15.0%) sites ( Fig. 5 ; Table A4, F 2,15 ¼ 19.37, P < 0.001) and consequently suffered the most from a lack of fungicide application. Non-fungicide trials, had yields less than 50% of those treated with fungicides at this site (Fig. 6 ).
Lodging
Winsome was very prone to lodging especially on the light sandy soil of JIC (Table A5 ). Severe lodging of Winsome in monoculture resulted in a very high relative yield of mixtures in fungicide treated plots at JIC most likely as a result of increased plant growth in the absence of disease (Fig. 3 ). There were no significant differences in plant height at the end of the growing season, but differences between sites were observed at GS 30e32 (Heavy 19 cm; JIC 55 cm; Light 44 cm, complete data not shown). Winsome did not lodge on the heavy land site due to lower plant height in the early part of the season and because fewer pigeons than at JIC flattened the crop to feed on grain close to the ground (personal observation). Mixtures were more resistant to lodging, probably as a result of facilitation. Varieties were not tested in every possible combination so the exact contribution of each variety to lodging in mixtures cannot be calculated. Since Element has strong straw, however, it may have supported neighbouring Winsome plants, suppressing lodging and thus stabilising yield in mixtures (Table A5) .
Discussion
This study investigated how ecological processes act to buffer against environmental stresses and stabilise yield in barley variety mixtures. Such stabilisation occurs in communities of wild plants Hector et al.,1999; Hughes and Stachowicz, 2011) and is expected also to operate in agricultural systems. The stresses included disease, as was predicted, but also unexpected abiotic stresses. Mixture yields were as high as the best performing monocultures, indicating no yield penalty of growing mixtures. Varietal mixtures enhanced spatial yield stability compared to the mean of the component monocultures, supporting the hypothesis that biodiversity increases ecological stability i.e. the ability of an ecological system to maintain or quickly regain productivity despite diverse environmental stresses (Tilman, 1996; Yachi and Loreau, 1999) .
In terms of ecological processes, yield stability was largely achieved through compensation and facilitation. In mixtures, the most competitive variety, the hybrid six-row variety Element, which achieved the greatest yields in mixture at a lower seeding rate, compensated for yield losses associated with less competitive varieties such as Cassata. Element was the only variety to display no signs of lodging in monoculture and therefore likely to have contributed to reduced lodging and increased seed production of neighbouring plants in mixtures by facilitation. Previous work with the model plant Arabidopsis thaliana demonstrated that genotypes with the highest yield potential are often the most competitive, allowing them to over-yield in mixture through a reduction in the intensity of competition compared to a monoculture of the highyielding genotype (Creissen et al., 2013 (Creissen et al., , 2015 . In this study, the six-row cultivar, which had the highest yield potential, was indeed responsible for compensation observed within the mixtures.
Ecological processes that contribute towards increased yield stability in mixtures can be identified under laboratory or glasshouse conditions (Creissen et al., 2013 ), yet experimentation under field conditions may be specific to the variety and particular combination of stresses present. The ecological processes that stabilise yield may differ between sites, but genetic diversity within crops offers the potential for diverse stabilising processes to mitigate the effects of both foreseen and unforeseen stresses. Most major crops (wheat, maize, rice etc.) are grown in environments in which multiple stresses are present that prevent them from achieving their yield potential. Abiotic stresses alone can reduce average yields of most major crop species by more than 50% (Bray et al., 2000) , yet plants must cope with stresses such as cold, drought and salinity whilst simultaneously defending themselves from diverse pests and pathogens (Hammond-Kosack and Jones, 2000) . Examining stress tolerance by exposing the plant to individual stresses may lead to inaccurate predications, even if care is taken to relate experimental conditions to natural or field conditions (Mittler and Blumwald, 2010) . Interactions between biotic and abiotic stresses experienced by plants grown under field conditions can result in varieties responding unpredictably (Mittler, 2006; Atkinson and Urwin, 2012) . Abiotic stresses can have positive or negative effects on disease susceptibility in ways difficult to replicate under laboratory or glasshouse conditions. Indeed this study showed high levels of variation in disease severity between geographically similar sites. Studies investigating the effects of multiple stresses on plant productivity and stability under field conditions are valuable for variety mixture and other plant breeding trials as they more accurately represent the unpredictable environmental conditions experienced by crop plants in agricultural systems. Understanding how variation in environments and genotypes within the normal range of modern agriculture affects ecological processes will facilitate the design of trials on the performance and stability of variety mixtures in relation to the full range of important traits.
The majority of empirical studies on variety mixtures have focussed on disease control (Finckh et al., 2000; Zhu et al., 2000; Mundt, 2002) , reporting trends in yield and disease severity for the population (Mundt, 2002; Phillips et al., 2005; Newton and Guy, 2009 ), yet varietal mixtures also offer protection against unexpected stresses related to unpredictable environmental conditions. Few studies have focussed on the planteplant interactions and ecological processes taking place within mixtures, although there have been studies of crop competition (Allard and Adams, 1969; Finckh and Mundt, 1992) infection, Winsome was the most susceptible in the trials reported here. While levels of disease in Winsome monocultures were high, brown rust infection was reduced on Winsome in mixtures. This reduction in disease severity may act through a combination of increased distance between the susceptible hosts, and barriers of less susceptible/resistant plants preventing pathogen spread (Chin and Wolfe, 1984; Zhu et al., 2000) .
Yield stability was also achieved by unexpected processes in response to unpredicted stresses such as the combination of lodging and herbivory by pigeons. Lodging poses a significant threat to arable production in many areas and can reduce crop yields by up to 60% (Rajkumara, 2008) . It continues to be a significant problem in barley cultivation in the UK, especially in winter cultivars. In this study Winsome proved to be highly prone to lodging (especially at JIC) due to a combination of weak straw, irrigation (only at JIC site), early ripening (especially on fungicide-untreated plots), and large numbers of pigeons that further flattened the plants to feed on the grain lying on the ground. The more lodging-resistant varieties, particularly Element, reduced lodging of the entire plant population through facilitation. This variety is recommended by the Agriculture and Horticulture Development Board for use in the north of the UK, where crops are more likely to experience environmental stresses such as rain and high winds. Such stresses increase lodging so a variety with stronger straw, providing increased lodging resistance, is generally favoured. Barley plants in this study experienced conditions more typical of a northern environment, with heavy wind and rain in the weeks prior to harvest that were unusual for East Anglia. The beneficial effect of mixtures on reducing lodging has been observed previously in several crops, including winter barley (Stutzel and Aufhammer, 1989) and rice (Revilla-Molina et al., 2009 ). As our study was conducted in a single growing season its findings cannot be extrapolated to produce broad conclusions on the ability of these particular mixtures to stabilise productivity over time. Instead our study highlights the fact that the benefits of increased within-crop diversity are not always predictable. Unforeseen environmental stresses due to climate observed in our study highlight the importance of careful mixture selection and experimentation under diverse field conditions for accurate assessment of mixture performance.
Diverse crops offer more capacity for adaptation to both known and unknown stresses, ensuring yield stability over monocultures whilst simultaneously being significantly more practical than alternative methods of increasing within-crop diversity e.g. using composite cross populations (CCP). CCP contain significantly more genetic diversity than a varietal mixtures, but they require breeding efforts and the crops are much less easily manipulated by the farmer. In physical mixtures of varieties each component can be easily substituted on an annual basis. Such modifications to the composition and complexity of the mixture can be made in order to meet specific targets (higher yields, increased grain quality etc.). Varietal mixtures offer advantages over monocultures i.e. increased resilience, yield stability etc. whilst being able to benefit from the advances in plant breeding for monoculture production.
Despite the many advantages of growing barley varietal mixtures, such as increased disease resistance, increased tolerance to abiotic stresses, increased yield and yield stability, adoption of this practice remains restricted (Finckh et al., 2000; Mundt, 2002; Newton et al., 2008a; Newton and Guy, 2009) . Mixtures have historically been unacceptable to maltsters and millers on the grounds of grain heterogeneity, grain verification, processing requirements and customer preference. However, grain consistency and grain quality has been shown to be equal to and even better than the sum of the mixture components (Newton et al., 2008b) . Approximately 50% of the barley produced in the UK is used for animal feed for which grain consistency is less of a concern than it is for brewers (Brown, 1995; Newton et al., 2011) . A major problem of growing mixtures is the uncertainty about the agronomy in which the requirements of multiple varieties must be considered. Variation in heading date between varieties in varietal mixtures may also create problems at harvest. Despite these issues the benefits of growing mixtures include reduced cost of chemical inputs, in turn reducing the cost of crop production. Future cropping systems will need to be less reliant on chemical input, less expensive to manage and show greater ability to cope with the changing environment if future food security is to be achieved (FAO, WFP, IFAD 2012; Hillocks, 2012) . Varietal mixtures designed to exploit beneficial ecological processes such as compensation and facilitation should be able to perform in a wider range of environments and will thus enable farmers to achieve high and stable yields by buffering against diverse and sometimes unpredictable stresses. Table A4 The effect of winter barley varietal diversity on brown rust disease severity (measured as % green leaf area covered in disease on the flag and second leaf) in a field experiment conducted over three different sites. A linear mixed model was used to analyse each factor and all interactions between them. Fixed effects included trial site, cultivation and variety (mixture/monoculture). Non-significant terms were eliminated from the model. F and P values refer to ANOVA tests of each factor separately and the interactions between them. N ¼ 1680. 
